Membrane tubulation is generally associated with rearrangements of the cytoskeleton and other cytoplasmic factors. Little is known about the contribution of extracellular matrix components to this process. Here, we demonstrate an essential role of proteoglycans in the tubulation of the cnidarian nematocyst vesicle. The morphogenesis of this extrusive organelle takes place inside a giant post-Golgi vesicle, which topologically represents extracellular space. This process includes the formation of a complex collagenous capsule structure that elongates into a long tubule, which invaginates after its completion. We show that a non-sulfated chondroitin appears as a scaffold in early morphogenesis of all nematocyst types in Hydra and Nematostella. It accompanies the tubulation of the vesicle membrane forming a provisional tubule structure, which after invagination matures by collagen incorporation. Inhibition of chondroitin synthesis by beta-xylosides arrests nematocyst morphogenesis at different stages of tubule outgrowth resulting in retention of tubule material and a depletion of mature capsules in the tentacles of hydra. Our data suggest a conserved role of proteoglycans in the stabilization of a membrane protrusion as an essential step in organelle morphogenesis.
Running title: chondroitin promotes membrane tubulation
Membrane tubulation is generally associated with rearrangements of the cytoskeleton and other cytoplasmic factors. Little is known about the contribution of extracellular matrix components to this process. Here, we demonstrate an essential role of proteoglycans in the tubulation of the cnidarian nematocyst vesicle. The morphogenesis of this extrusive organelle takes place inside a giant post-Golgi vesicle, which topologically represents extracellular space. This process includes the formation of a complex collagenous capsule structure that elongates into a long tubule, which invaginates after its completion. We show that a non-sulfated chondroitin appears as a scaffold in early morphogenesis of all nematocyst types in Hydra and Nematostella. It accompanies the tubulation of the vesicle membrane forming a provisional tubule structure, which after invagination matures by collagen incorporation. Inhibition of chondroitin synthesis by beta-xylosides arrests nematocyst morphogenesis at different stages of tubule outgrowth resulting in retention of tubule material and a depletion of mature capsules in the tentacles of hydra. Our data suggest a conserved role of proteoglycans in the stabilization of a membrane protrusion as an essential step in organelle morphogenesis.
A key step in the dynamic remodelling of plasma membranes during tubulation processes are localized invaginations. These are controlled mostly by cytoskeletal rearrangements and specific intracellular proteins like BAR domain proteins able to impose membrane curvature through direct surface interactions (1) . Such membrane protrusions are reversible in most cases and there are only few examples in which these structures are fixed by a molecular scaffold of extracellular matrix (ECM) components. Here, we present the contribution of a chondroitin-rich structure to the formation of a tubular membrane structure during organelle morphogenesis in a basal metazoan. Nematocysts (cnidocysts) are the characteristic stinging organelles of the phylum Cnidaria, involved in prey capture, defense and locomotion. They are produced as a secretory product in specialized neuronal cells named nematocytes (cnidocytes) (2) (3) (4) . In the fresh water polyp Hydra four types of nematocytes can be distinguished based on the distinct morphology of their capsules: stenoteles, desmonemes, holotrichous and atrichous isorhizas (5) (6) (7) . During differentiation, which occurs exclusively in the body column, the nematocytes undergo several rounds of synchronous cell divisions (8, 9) and remain connected to each other by cytoplasmic bridges to form clusters or nests (10, 11) (Fig. 1B) . After differentiation, these nests break up and the single cells migrate to the tentacles, where they become mounted in specialized epithelial cells, the battery cells. The nematocysts are produced inside a giant post-Golgi vesicle of the nematocyte (11-13) ( Fig. 1A-C) . The precapsule forms and grows by addition of more vesicles from the trans-Golgi network (TGN). Also, the tubule grows externally by fusion of additional secretory vesicles before it invaginates into the capsule matrix (11) (Fig.  1D-E) . Proteoglycans (PGs) are major components of the extracellular matrix and consist of core proteins, to which chains of complex glycosaminoglycans (GAGs) are covalently attached. GAGs are known to participate in many biological processes like signaling, cell adhesion, infection of pathogens, brain development, modulation of enzymes, cytokines and growth factors (14, 15) . In a recent publication, Yamada et al. (16) characterized GAGs in Hydra magnipapillata and demonstrated by immunostainings that the epitope of the anti-chondroitin antibody 473A12 is present in developing nematocysts, though the precise role of this nematocyst-specific chondroitin remained unclear. Here, we demonstrate that this chondroitin forms the outer layer of the developing nematocyst tubule, both in Hydra and the sea anemone Nematostella vectensis. Inhibition of GAG synthesis leads to a disordered development of all four nematocyst types in Hydra emphasizing the essential role of chondroitin in this process. Our data on this unusual cnidarian neuronal cell type have also implications on the evolution of the neuronal extracellular matrix, in particular the perineuronal net (PNN), which is of neuronal origin. In the PNN chondroitin PGs form together with polymeric hyaluronic acid a meshwork required for synapse development and function (17) .
Experimental Procedures
Animals. Hydra magnipapillata or Nematostella vectensis were used for all experiments. Hydra animals were cultured in Hydra medium (18) at 18°C and fed three to five times a week with Artemia nauplii. Animals used for experiments were starved for 24 h. Nematostella were cultured in 1/3 artificial seawater (Tropic Marin) pH 7,5-8,0 at 18°C in the dark and fed 1-2 times a week with Artemia nauplii. Preparation of GAGs from isolated Hydra nematocysts. GAGs were prepared as described previously (16) . Isolated capsules were dried and digested with actinase E at 60°C for 2 days. The samples were treated with 5% trichloroacetic acid (TCA) to remove proteins and peptides and then the TCA was removed from the supernatant by extraction with diethylether, followed by a treatment with 80% ethanol to precipitate polysaccharides, which were reconstituted in H 2 O. To remove salt and low molecular weight contaminants, the sample was subjected to gel filtration on a Superdex peptide column (Amersham Pharmacia Biotech) and the flow through fraction was collected. Gel filtration chromatography of the GAG preparation. To determine the molecular size of the components in the GAG preparation, gel filtration chromatography was performed on a Superdex 200 column (Amersham Pharmacia Biotech) (Flow rate = 0.3 ml/min) and fractions were collected at 4-min intervals (16) . The samples were digested with a mixture of chondroitinases AC-I, AC-II, and ABC, and derivatized with a fluorophore 2-aminobenzamide (2AB), followed by the removal of the excess derivatization reagents by chloroform extraction and anion-exchange HPLC analysis on an amine-bound silica column (19) . Analysis of the reducing terminal structure of the Hydra chondroitin chains. To examine whether the chondroitin chains are assembled on a core protein through the common linkage structure, the reducing terminal sugar residue of the GAG preparation was labelled with 2AB before or after LiOH treatment (20) , which liberates GAG chains from core proteins. The 2AB-derivative of the Hydra GAG preparation was digested with a mixture of chondroitinases AC-I, AC-II, and ABC, and analyzed by anion-exchange HPLC on an amine-bound silica column (19) . Investigation of the reactivity of 473A12 toward various glycosaminoglycan variants. Biotinylated glycosaminoglycans (0.5 ug each) were immobilized on a streptavidin-coated plate in phosphate-buffered saline (PBS) at room temperature overnight. Blocking reaction was performed using 3% BSA/PBS for 1 h at 37 ºC. The antibody 473A12 was diluted 1000-fold with 0.1% BSA/PBS and then added to the plate. After incubation for 2 h at 37ºC, the plate was washed with Tris-buffered saline (TBS) containing 0.05% Tween 20 three times. The reactivity of the antibody was evaluated by incubation with the secondary antibody, alkaline phosphatase-conjugated goat-anti mouse IgA (3000-fold dilution with 0.1% BSA/TBS), followed by plate development with disodium pnitrophenyl phosphate. beta-D-xyloside treatment. Animals were cultured in Hydra medium in the presence of 2 mM p-nitrophenyl-beta-D-xylopyranoside, for at least 17 days. The concentration applied was chosen to have a maximal effect on nematocyst morphogenesis without affecting tissue integrity as deduced in preliminary experiments. Animals were fed during the first days of treatment until tentacles lacked of mature nematocysts and were not able to catch artemias anymore. The beta-Dxylopyranoside was renewed periodically every 3 days with each Hydra medium change. Immunofluorescence. For immunostainings with polyclonal rabbit antibodies NCol-15 (21), NCol-1 (22) and polyclonal rat nematogalectin antibody (Hwang, unpublished data) as well as with the monoclonal chondroitin antibody (Seikagaku Corp.) hydra animals were relaxed in 2% urethane in Hydra medium for 1 min and fixed in Lavdovsky`s fixative for at least 12 h (23). For co-immunostainings with the polyclonal guinea pig anti-NCol-1 propeptide antibody animals were fixed in 4% PFA in Hydra medium. After several washing steps using PBS/0.1% Triton X-100, the polyps were incubated overnight at 4°C with primary antibody (diluted in PBS/0.1% BSA). Animals were washed several times with PBS and incubated for 1-2 h with adequate secondary antibody coupled to ALEXA fluorochrome (Molecular Probes) at 1:400 in PBS/0.1% BSA. Animals were washed again several times in PBS before mounting on object slides in PBS/glycerol (1:9). Microscopy. Fluorescence images were captured with the Nikon Eclipse 80i, confocal images with the Nikon A1R laser scanning microscope. Conventional transmission electron microscopy (TEM) of Hydra vulgaris was performed as described (11). Image processing. Image deconvolution was performed using Huygens Software (Scientific Volume Imaging) at the Nikon Imaging Center at the University of Heidelberg. Image processing was performed by using ImageJ and Adobe Photoshop CS3.
Results

Localization of chondroitin during nematocyst development.
To visualize the steps of membrane tubulation, tubule outgrowth and invagination during nematocyst morphogenesis we performed TEM of nematocyst vesicle and tubule cross-sections ( Fig. 1C-E ). Fig. 1B shows a light microscopic overview of a nematocyte nest at an early stage in which the nematocyst vesicle is visible in the cytoplasm of the nematocyte. Membrane tubulation is later initiated at a position where the pre-formed capsule wall structure is recessed (Fig. 1C) . During outgrowth, the tubule membrane is lined with a thin electron-dense layer on the inside surface, which reaches up to the tip region supported by microtubules (Fig. 1D, inset in 1E) . The lumen of the tubule is filled with granular material delivered by TGN vesicles. The invagination process is marked by a twisted and very condensed structure reaching into the capsule lumen (Fig. 1E ). To demonstrate a detailed localization of chondroitin during nematocyst development, immunostaining of Hydra magnipapillata was carried out using the commercial anti-chondroitin antibody 473A12 (16) . In whole mount immunostainings, the chondroitin signal was detected in nests of all differentiating nematocyte types in the body column of Hydra ( Fig. 2A,B) . Co-stainings performed with the Hydra minicollagen-1 (NCol-1) antibody demonstrated a clear restriction of the chondroitin signal to the tubule structures of the growing vesicles (Fig. 2B' ). NCol-1 is deposited into the capsule wall of the developing nematocyst and therefore marks the capsule body inside the vesicle. The chondroitin signal initially appears as a vesicular structure around the tip of the outer growing tubule in early morphogenetic stages arguing for a close correlation with the onset of tubule growth (Fig.  2C,D) . During morphogenesis the staining pattern follows the growing tubule structure thereby covering it like a sheath or scaffold ( Fig.  2E-H ). In the large stenoteles the tubule appears to be untensioned and large in diameter at the beginning of growth (Fig. 2E,F) before it compacts to a more narrow structure, whereas in isorhizas the tubule keeps a constant diameter (Fig. 2G,H) . At later stages the chondroitin staining marks the invagination process of the tubule with a thin thread-like structure coiling inside the capsule matrix while the rest of the tubule is still outside showing an increased signal due to the doubled tubule wall (Fig. 2I,J) . After invagination the tubule is coiled completely inside the capsule matrix in a highly ordered configuration (Fig. 2K,L) . At this developmental stage chondroitin is also present at the emerging operculum (see arrows in Fig.  2L ), and while the tubule signal disappears after maturation and wall hardening, the operculum staining persists in mature stenoteles in the tentacle region (data not shown). In antichondroitin stainings performed with the anthozoan Nematostella vectensis also developing tubule structures were detected in the tentacle bulb (Fig. 2M,N) arguing for a high conservation of the chondroitin function in developing nematocysts of cnidarians.
Analysis of GAGs in Hydra nematocysts.
To analyze the molecular composition of the GAG structure, nematocyst capsules were isolated from Hydra tissue and after solubilization the sample was treated with chondroitinase ABC. The obtained fragments were subjected to HPLC. Non-sulfated chondroitin was the major component of the isolated capsules (data not shown). Neither sulfated disaccharide units derived from chondroitin sulfate (CS) nor heparan sulfate disaccharides, if any, were detected due to their limited amounts. The molecular size of the chondroitin chains in nematocysts of Hydra was analyzed by gel filtration chromatography (Fig. 3A) . Two major peaks were observed and the average molecular sizes of these peaks were estimated to be approximately 90 and 40 kDa, respectively. The chondroitin chains were subjected to derivatization with 2AB before and after treatment with mild alkali, which liberates GAG chains from core proteins. After removal of the excess 2AB reagent, the samples were digested with a mixture of chondroitinases ABC, AC-I, and AC-II, resulting in the 2AB-oligosaccharides derived from the reducing terminus of the chondroitin chains. Each digest was analyzed by HPLC on an amine-bound silica PA-03 column. As shown in the upper panel of Fig. 3B , 2AB-labelled oligosaccharides were detected without alkali treatment, suggesting that the reducing terminal sugar residues of the chondroitin chains had a free aldehyde group even before treatment with alkali and that free chondroitin chains are present in nematocysts. Although peaks were detected at the positions of authentic unsaturated disaccharide standards, HexUA-GalNAc(6-sulfate) and HexUA-GalNAc(4-sulfate), the structure of the 2AB-oligosaccharides derived from the reducing end could not be determined due to the limited amount, as a single GAG chain consisting of approximately 100 or 225 disaccharide units contains only one mole of the reducing terminus per mole. Since additional peaks were detected after treatment with LiOH (lower panel in Fig. 3B ), chondroitin chains in nematocysts may be present as chondroitin PGs as well as free GAG chains. To characterize the core protein of the chondroitin PG, Hydra nematocysts were treated with 4 M guanidineHCl, and the purified PG fraction was subjected to Western blotting after digestion with chondroitinases using anti-unsaturated hexuronic acid antibody (chondroitin stub antibody), which recognizes the chondroitin stubs generated by digestion with bacterial chondroitinases. However, specific bands could not be detected (results not shown). We concluded that the amount of the core protein (PG) in the nematocyst sample might be too little to be detected by Western blotting under the conditions used. Alternatively, the chondroitin chains in the sample might be resistant to chondroitinase ABC because of its tight binding to some other components such as minicollagen. To investigate the reactivity of the applied chondroitin antibody, we performed an ELISA experiment using different GAGs as antigens. As shown in Fig. 3C , the 473A12 antibody recognized in this assay exclusively chondroitin and not chondroitin sulfate or other GAGs, confirming the GAG analysis for isolated nematocysts.
Chondroitin and Minicollagen-1 take separate secretory routes in the trans-Golgi network. To mark the TGN at the tip of the growing tubule we produced a polyclonal antibody against the NCol-1 propeptide, which is cleaved shortly before the mature protein enters the nematocyst vesicle (Fig. 4A) . Due to the high concentration of immature minicollagen molecules and cleaved propeptides in vesicles of the TGN the antiNCol-1 propeptide staining is exclusively restricted to this vesicular structure (Fig. 4B,C) . As shown in Figure 4C the TGN as detected by the anti-NCol-1 propeptide antibody forms a corona of vesicles around the tip of the growing tubule, while anti-NCol-1, which detects exclusively the mature protein, only stains the capsule wall. Co-stainings with the antichondroitin antibody demonstrate that chondroitin shows a similar spiral pattern with TGN vesicles marking early tubule stages (Fig.  4D) , giving evidence that chondroitin, like NCol-1, is secreted intracellularly. Interestingly, the vesicles for chondroitin and minicollagen are clearly distinguished arguing for separated secretory routes to the nematocyst vesicle (Fig.  4D) .
Chondroitin production precedes that of NCol-15 in tubule morphogenesis of stenoteles and isorhizas.
The recently characterized minicollagen-15 (NCol-15) can be localized exclusively at tubule structures of Hydra nematocysts (21) . To compare the distribution of the nematocyst chondroitin and NCol-15 during tubule morphogenesis, co-immunostainings with anti-chondroitin and anti-NCol-15 were performed in Hydra whole mounts (Fig. 5A) . In differentiation stages where the tubule is still outside of the capsule matrix, NCol-15 is detected as aggregated protein material migrating from the tubule tip towards the matrix. Only after invagination it is incorporated into the tubule structure. As shown in figure 5B ,C, chondroitin marks the outer growing tubule in differentiating stenoteles and is broader at the tubule base (Fig. 5B) but narrows towards the tubule growth zone (Fig. 5C ). In isorhizas (Fig.  5E,F) , the growing tubule is constant in diameter. In the early stages of both capsule types, NCol-15 passes through the tubule in dense globular particles (Fig. 5B,E) , which accumulate in the capsule matrix (Fig. 5C,F) . After tubule invagination, the NCol-15 signal appears at the inverted tubule covered by a strong chondroitin staining at the tubule base and operculum (Fig. 5D,G) . Nematocysts stained with anti-NCol-15 only, reveal the whole length of the inverted tubule (21) .
Nematocyst chondroitin is closely associated with a newly isolated collectin-like protein.
Collectin molecules are part of the innate immune system of vertebrates where they bind to complex carbohydrates on the microbial surface. In Hydra, the hm_2450 gene encodes a protein with minicollagen-like Gly-X-Y repeats and a C-terminal galactose lectin domain, which was termed nematogalectin (Hwang, unpublished) . A polyclonal antibody was raised against this protein and showed its expression in developing nematocysts in the body column of Hydra. Interestingly, nematogalectin shows a similar distribution pattern as chondroitin and is also restricted to the tubules of differentiating nematocysts (Fig. 6A) . We therefore tested the hypothesis that Hydra nematogalectin might serve as a linker molecule connecting the collagenous tubule structure to the chondroitin network. Co-immunostainings with antinematogalectin and anti-chondroitin antibodies revealed that both molecules are not colocalized but rather represent different parts of the tubule structure at different morphological stages of all capsule types: desmonemes (Fig. 6B-D) , isorhizas ( Fig. 6E-G) , and stenoteles ( Fig. 6H-J) . In isorhizas or stenoteles, the chondroitin staining apparently covers the nematogalectin structure along the whole tubule (Fig. 6E) . During invagination this pattern is reversed with the new external surface showing a strong nematogalectin signal (Fig. 6F) . This circumstance for the first time allows a detailed imaging of the tubule invagination process in nematocysts as the outer and inner surfaces exhibit clearly distinguishable signals with the chondroitin composing the external layer while nematogalectin represents the inner tubule layer. Due to the invagination process the thread turns inside out and the inner layer gets exposed to the surface now showing a dominant nematogalectin staining. Isorhizas in particular clearly demonstrate that the invaginating tubule is in close contact with the inner surface of the still evaginated tubule only at the onset of the 180° bend. During its further movement towards the capsule matrix the invaginating tubule structure is extremely condensed and partly recessed from the outer tubule (Figs. 1E, 6F , blow-up) arguing against a sliding mechanism by adhesive surface-to-surface contacts. Rather, invagination appears to be kinetically driven by the tension of the tubule structure at the bending area or a molecular zipper mechanism joining the chondroitin-covered surfaces. Shortly before final maturation the whole tubule is coiled inside the capsule matrix showing a residual chondroitin signal at the base of tubule and operculum structures (Fig. 6G) . The same observations could be made in stenoteles indicating a common molecular process for all capsule types (Fig. 6H-J) . In desmonemes, early morphogenetic stages also show a nematogalectin signal over the whole length of the tubule, while the chondroitin is still restricted to TGN vesicles at the tubule tip (Fig.  6B) . During tubule growth, the chondroitin signal gets distributed over the whole tubule length, too (Fig. 6C) . Interestingly, chondroitin seems to be located mainly at the concave tubule face, which later serves as the attachment site for spines. Nematocyst development is arrested at the onset of tubule growth by GAG inhibition. GAG synthesis is initiated by the xylosylation of a serine residue on the core protein. Exogenous beta-xylosides also prime GAG synthesis and compete with endogenous core protein acceptor sites for the assembly of GAG chains at xylosylated core proteins. To investigate the dependence of nematocyst development on chondroitin synthesis, animals were cultured in media containing 2 mM p-nitrophenyl-beta-Dxylopyranoside. After fixation of animals at different time points immunostainings were performed using nematocyst-specific antibodies to demonstrate inhibition of nematocyst development. Anti-NCol-15 and anti-NCol-1 antibodies stain the tubule and the capsule wall exclusively in developing nests of the body column, respectively. Hydra tentacles harbour only mature nematocysts where no immunostaining can be obtained with minicollagen-specific antibodies due to the compaction of the capsule wall, which impedes the access to epitopes (Fig. 7A,B; A',B'). After two weeks of beta-xyloside incubation tentacles of Hydra were mostly devoid of mature capsules (Fig. 7C,D) . Interestingly, immature or defective nematocysts could be detected occasionally in the tentacle region using the tubule-specific NCol-15 antibody (Fig. 7C',D' ) that in untreated animals does not stain nematocysts in the tentacle region. This finding suggests that nematocyte migration into the tentacles is not necessarily dependent on the maturation process of the capsule. Immature nests in the body column of treated animals mainly showed very early developmental stages, indicating that tubule formation was impeded by xyloside treatment. In untreated animals, NCol-15 migrates in the form of protein aggregates through the externally growing tubule to accumulate in the capsule matrix before it is dissipated and finally incorporated into the invaginated tubule structure (Fig. 8A) . A similar picture can be seen in developing nematocysts after xyloside treatment with the difference that the particles are generally small and reduced in number, indicating that the secretion of capsule material into the nematocyst vesicle is constrained (Fig. 8B) . In contrast to untreated animals ( Fig. 8C,E ) the number of late-stage nests exhibiting tubule structures is reduced upon prolonged xyloside treatment. Staining for chondroitin still reveals residual tubule signals indicating that the effect of beta-xyloside is not quantitative. Interestingly, in treated animals some nests show aggregated material positive for NCol-15 and chondroitin, which is never detected in untreated animals (Fig. 8D, inset) . This suggests that chondroitin might accumulate predominantly in the form of free chains in these nests. The rarely detectable late-stage nests under these conditions revealed maturation defects with a disordered inverted tubule or unusually large protein accumulations inside the capsule matrix (Fig. 8F,G) .
Discussion
Membrane tubulation is a dynamic process involving rearrangements of the actin and tubulin cytoskeleton and the interaction with intracellular coating proteins. The contribution of extracellular matrix components to this process is hitherto not well characterized. Here we report that membrane tubulation has an important function in the morphogenesis of a sophisticated secretory organelle, the nematocyst. Nematocyst development is a highly organized intracellular secretion process leading to the self-assembly of structural ECM type proteins at the inner surface of a vesicle membrane. Capsule wall formation precedes tubule morphogenesis, which initially results in an external structure that gets invaginated after having reached its full size. Previously we have demonstrated NCol-15 to be a specific molecular component of the nematocyst tubule, which is incorporated after invagination (21) . In the present analysis we could detect the antigen of a chondroitin antibody lining the external tubules of developing nematocysts. This finding suggests that the chondroitin molecule is involved in the formation of a pre-tubule structure that accompanies membrane protrusion and serves as a scaffold for minicollagen assembly after invagination.
The evolutionary origin of GAGs in metazoans.
Chondroitin molecules are an essential component of the extracellular matrix and in a previous report by Yamada et al. (16) chondroitin isolated from whole Hydra tissue was analyzed and found to contain non-sulfated as well as 4-O-sulfated and 6-O-sulfated GalNAc residues. Our present analysis was restricted to nematocysts as these were the sites of chondroitin synthesis recognized by the applied antibody. Here, only an unusual nonsulfated form of chondroitin could be detected indicating that sulfated forms are present in the cellular tissue but not in nematocysts. An ELISA screen against different GAG variants clearly demonstrated that the antibody exclusively recognizes non-sulfated chondroitin (Fig. 3C) . GAGs have diverse biological functions in animals as in collagen fibirillogenesis, regulation of protease activity, maintenance of cell-cell and cell-matrix interactions and the storage of soluble growth factors. So far, Hydra is the phylogenetically lowest organism that has been demonstrated to produce GAGs. Some bacterial strains can also synthesize GAG-like polysaccharides when they form extracellular polysaccharide capsules. For example, Escherichia coli strain K4 produces a capsule polysaccharide consisting of a chondroitin backbone, to which beta-fructose residues are linked to position C-3 of the GlcA residues (24) . However, these GAG like polysaccharides are not attached to core proteins, which appears to be an animal innovation.
Chondroitins are generally sulfated. Reports on the existence of non-sulfated chondroitin are limited to extracellular matrices of the nematode C. elegans (25, 26) , squid skin (27) , and the dried regurgitated saliva of male Collocalia swiftlets (28) . Non-sulfated chondroitin in C. elegans is involved in cell division during early development, since removal of chondroitin from fertilized eggs results in lethality after an oscillation of cell division and reversion of cytokinesis (29, 30) . In addition chondroitin PGs in C. elegans are involved in the vulval morphogenesis, which requires epithelial invagination (30) . The fact that the Hydra nematocyst chondroitin is non-sulfated might represent a mechanism to prevent a premature interaction with the positively charged minicollagen molecules.
GAGs in nematocyst membrane tubulation.
Chondroitin synthesis in nematocysts sets in with the beginning of tubule formation, which is dramatically impaired when chondroitin production is inhibited by xyloside treatment. As shown schematically in Fig. 9 our data demonstrate that the chondroitin matrix at the inner side of the tubule membrane is formed independently of the collagenous structure in both of the capsule wall and the tubule itself. This is emphasized by the detection of clearly separated routes for NCol-1 and chondroitin in the secretory pathway (Fig. 9B) . A premature incorporation of NCol-15 during tubule growth appears to be inhibited by the storage of the minicollagen in dense protein bodies, which accumulate in the matrix (Fig. 9B-D) . We have observed a similar behaviour for spinalin, which has to pass the invaginated tubule wall to form spines on its outer surface (data not shown). The primary role of the chondroitin-based matrix therefore seems to be in the outgrowth and stabilization of the initial tubule structure, probably by a close membrane attachment. The delay of minicollagen and spinalin incorporation is most probably a prerequisite for the invagination process, which would be hampered by a fully matured tubule structure. The newly identified nematogalectin molecule appears to have a similar function in pre-tubule formation as chondroitin without being directly associated with it. It covers the membrane-distal inner surface of the tubule, which gets exposed to the matrix lumen during invagination (Fig.  9C-E) . As the nematocyst nematogalectin lacks a minicollagen cysteine-rich domain it is unlikely that it gets covalently linked to the collagenous network during nematocyst maturation. We therefore speculated that it might control the recruitment of minicollagens to the invaginated tubule by interacting with sugar residues. Minicollagens have been shown to be highly Nglycosylated (22) . Chondroitin chains in C. elegans and Hydra magnipapillata are attached to core proteins through the common linkage region tetrasaccharide, -4GlcAbeta1-3Galbeta1-3Galbeta1-4Xylbeta1- (16, 31) . Although core proteins of C. elegans chondroitin PGs have been identified, no homologues have been found in vertebrates or in Hydra vulgaris (32) . Hydra chondroitin PGs likely contain novel core proteins. In this study, beta-xyloside treatment disrupted the formation of mature capsules. This is most likely caused by the impediment of the GAG biosynthesis, since exogenous betaxyloside inhibits the assembly of GAG chains to the Ser residues of core proteins, suggesting that Hydra chondroitin chains are synthesized on core proteins through the common linkage tetrasaccharide structure rather than as free chains. This is supported by the finding that in beta-xyloside treated animals chondroitin is sometimes found in large aggregates (Fig. 8D) . However, in isolated nematocysts also free chondroitin chains were detected, as the reducing terminal sugar residues of the chondroitin chains were labelled with 2AB without alkali treatment (Fig. 3B) . Recently we have identified and characterized a chondroitinspecific endoglycosidase in C. elegans (33) as well as CS-specific endoglycosidase in humans (34) . Since the homologue of these genes exists in the Hydra nematocyst proteome, such an endohydrolase might be involved in the release of chondroitin chains from the putative core proteins (Balasubramanian, unpublished). Our nematocyst proteome analysis also revealed several candidate enzymes, which are supposed to be involved in chondroitin synthesis (Balasubramanian, unpublished). They possess predicted beta-1,4-Nacetylgalactosaminyltransferase or beta-1,3-galactosyltransferase activities. Interestingly several of them are supposed to be products of horizontal gene transfer from bacteria. Thus, the possibility cannot be excluded that the free chondroitin chains in nematocysts might be assembled in a similar fashion to bacterial GAGlike polysaccharides. The presence of an ECM component in the nematocyst structure is not unusual, as we have detected in a proteome analysis of isolated nematocysts, beside the minicollagen family, a large number of further ECM proteins (Balasubramanian, unpublished). The capsule structure may therefore be seen as a specialized ECM inside a highly derived secretory vesicle. Interestingly, many of the capsular ECM proteins have lectin type domains, suggesting a prominent role for proteincarbohydrate interactions in the assembly of the nematocyst suprastructure. Chondroitin PGs have also been characterized as matrix constituents in the nervous system forming perineuronal nets. These PNNs are specialized forms of the nerve cell matrix in the central nervous system (17) . They form lattice structures around the nerve cell bodies, proximal dendrites and axon initial segments (35) . The PNN has been found to have an inhibitory function on neuronal plasticity and regeneration, which is regained by digestion of CS-PGs with chondroitinase (36) . Its primary role is believed to be in synaptic stabilization and neuroprotection. Since nematocytes represent a specialized neuronal cell type, which in Hydra arise from the same stem cell population as other nerve cells (for review see (37, 38) one might speculate that the nonsulfated chondroitin in cnidarian nematocysts represents a primordial PNN-like structure. Accordingly the ability to secrete chondroitin PGs might represent a primordial function in neuronal cell types that gave rise to complex extracellular GAG-coated structures as in PNNs of vertebrates. . GAG analysis of isolated nematocysts and determination of antibody specificity. A, gelfiltration chromatography of the Hydra GAG fraction on a Superdex 200 column. 1.2-ml fractions were collected, digested individually with chondroitinases, derivatized with 2AB, and then analyzed by anion-exchange HPLC on an amine-bound silica column. The amount of the 2AB-derivative of unsaturated disaccharides from chondroitin of Hydra nematocysts was calculated based on the fluorescence intensity of the peaks. V 0 and V t were determined using hyaluronan from human umbilical cord and NaCl, respectively. The inset shows the calibration curve giving a linear relationship between log Mr and elution volume, which was generated using size-defined commercial dextran preparations (average Mr: 60,000, 37,500, and 18,100). B, analysis of the reducing terminal structure of the Hydra chondroitin chains. The Hydra GAG fraction was subjected to derivatization with 2AB before (upper panel) or after (lower panel) treatment with mild alkali (LiOH). After removal of the excess 2AB reagent, the 2AB-derivative was digested with chondroitinases. 
